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HYPERSONIC FLOW WITH NON-EQUILIBRIUM DISSOCIATION AROUND
BLUNT BODIES IN FLOW FACILITIES AND IN FREE FLIGHT**

by Rudolf Hermann
Janardanarao Yalamanchili¥*

1. INTRODUCTION

During re-entry of an aero-space vehicle into the atmosphere high stagnation tempera-
tures and velocities corresponding to about Mach number 25 are encountered. Above Mach
number 5 or 6, air no longer behaves as a perfect gas and molecular vibration, disso-
ciation and ionization occurs. It is a pleasure to refer to my paper on hypersonic re-
entry given at the 1961 Annual Meeting of the WGL at Freiburg, ref. 1. Among other
subjects I had discussed dissociation of air, with the individual reactions, the char-
acteristic temperature for dissociation, and the equilibrium "constants'" for oxygen and
nitrogen., The '"constants"are actually strong functions of the temperature. I intro-
duced a so-called simplified air model, which consists of oxygen and nitrogen only.
Also, only dissociation of each component is considered, while chemical reactions
between oxygen and nitrogen are neglected. In addition, the following physical fact
suggests further simplification. If, at a given pressure, the temperature is raised,
the oxygen begins to dissociate first and the fraction of oxygen dissociated increases
with temperature, All the while the nitrogen stays practically intact as molecules.
Only after the temperature is raised to the point where the oxygen is fully (say 99%)
dissociated, does the dissociation of nitrogen begin. This means a separation of the
two processes, which leads to two separate quadratic equations for the degree of disso-
ciationaof oxygen and the degree of dissociationB for nitrogen as function of tempera-
ture and pressure. The comparison of degrees of dissociation obtained by this sim-
plified model with so-called "exact" results calculated for many air components and
many reactions by large computers, was very gratifying. Hence, we will use the sim-

plified model also in the present investigation.
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Ar. i1llustrative survey of the happenings during re-entry with respect %o disso-
ciastion is given in Figure 1, taken from ref. 1. Dissociation of oxygen and nitrogen
a2t the stagration point of a vehicle is given inan. altitude versus velocity diagram.
Also ircluded are re-entry trajectories for various ballistic vehicles and for one
glide vehicle. This diagram illustrates very well the fact that the dissociation of
oxvgen and nitrogen are separated from each other. There are two importart restrictions
in the graph. First, the dissociation values given are valid at the stagnation point
only for the respective vehicle. Second, the values are calculated for equilibrium
conditions, that means assuming that the flow has sufficient time to adjpst to its
chemical composition due to the prevailing stagnation pressure and temperature condi-
tions, The difference between equilibrium and non-equilibrium flow was also mentioned
in the Freiburg paper. In addition several examples had been calculated for equili-
brium condifions for hypersonic flow around a sphere for Mach number 7 and 10 for wind
tunnel supply temperature between 2700°K and 4400 °K, It was pointed out that the flow
data were not a solution of the exact equation but a tentative approximation assuming
a Newtonian pressure distribution and a linear velocity distribution to an assumed
sonic point. From this, the other flow parameters, a, T, p, were calculated by the
energy equation.

In the present report we will consider flow with oxygen dissociation in nomn-
equilibrium. That means we have to make use of the 'rate equation'" which expresses
the fact that finite time is needed for the dissociation process and the recombina-
tion process., We will first investigate the flow through a hypersonic nozzle up to
a Mach number of about 15 for various supply conditions, nozzle geometries and sizes.
Afterwards we will investigate the flow around a cylinder (two-dimensional case) which
is placed in a wind tunnel stream with frozen dissociation of oxygen. We will study
the effect on the shock shape and detachment distance, and on the other flow parameters

up to the somic point.

2, Some Aspects of Real Gas Effects: The Equation of State, Energy Equation, and

‘Degree of Dissociation Rate Equation.

2,1 Basic Assumptions
The model of the air being used consists only of oxygern and znitrogen. The tempera-
ture range considered is such that only dissociation of oxygen but no dissociation of

nitrogen occurs. Also, chemical reactions between 0 and N and ionization are neglected.
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where the mole fractions fi are for the three species indicated. The internal emergies

of the 02 and N2 molecules consists of translational, rotational, and vibrational

energies of the molecules. The energy of the oxygen atom is simply translational energy.

This yields the equations A
RT

Eg = (3/2) 3 (6)
2270 (°k)
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where vibrational constant (QV) is 2270°K for oxygen and 3390°K for nitrogen,'ﬁ universal

gas constant. D is the dissociation energy per mole for oxygen. Substituting the values

for Ei and fi and D, we obtain the expression for the enthalpy

2270(°K)
Exp(2270/T) - 1

h =R {3/2(.4227; a T+ .,211 (1 - @) [5/2 T +

3390 (°K) o
+ .789 [‘3/2 T + Fp (3390/T) - 1 ] + ,211 a 59000( K)}

+ R(1 + .211a )T 9]
Comparing this complicated equation for the enthalpy with the enthalpy equation for
a perfect gas shows the added complexity to our problem.
The energy equation expresses the preservation of kinetic energy and enthalpy

per unit mass or 2
u
2

+h=nh (10)
2.4 Rate Equation
In the process of dissociation, the oxygen molecule must collide with another
particle either in the atomic or molécular state. The dissociation reaction is
described by

k.
0, +M_d,20%M ()

Here M is the third body which is either an oxygen atom, oxygen molecule or nitrogen
molecule in this investigation. The change in the number of oxygen atoms per second

is positive and can be expressed by



[ d )

—_— - t '
T dies kj Mozt Ty (12)
M 188

The recombination process is the inverse of the dissociation. In order to occur
it is necessary that two oxygen atoms collide at the same time with a third body which
is able to carry away the energy in such a way that two atoms can form a stable

diatomic oxygen molecule, The reaction can be written as

k

0+0 + M'——E--*O2 + M (13)

The change in the number of oxygen atoms per second for this reaction is negative
and can be expressed by
d (n.')
/ (ng") ) )2

‘\ dt '/'; = - kr n0 nM
: recomb

' (14)

If a gas is in equilibrium the dissociation rate is equal and opposite to the
recombination rate and hence the net rate is zero. For this combination the so
called "Pressure Equilibrium Constant" Kp is defined, which was discussed in the
Freiburg paper and there denoted by K. The corresponding values for oxygen and

nitrogen dissociation were denoted by K and Kg . The Kp has the dimension of

a’ :
a pressure (in atmospheres) and hence is referred to as '"pressure" equilibrium

constant, It is advantageous to define a so-called '"concentration" equilibrium
constant Ke which is related to Kp by

p 15
K, =58 , (15)

1
02°
and 0, and nM'

with the dimension particles per unit volume., In the above equations, n and

no' are the number of particles per unit volume of the species 02
is the number of particles acting as a third body per unit volume, Obviously

nM = no' + noz' + l'LNZ' (16)

In non-equilibrium flow the net rate between dissociation and recombination is not

1

zero and we can express the number w of oxygen atoms liberated per unit volume and

per unit time as the sum of the dissociation and the recombination rate, yielding

dn dn_
da_ _ "o [
M i R - (17)
diss ) recomb

Using the above equaticns, the change af the degree of dissociation along a stream

line, can be expressed by

u‘a‘
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puC "‘?11'2_ = ky(ng, ") (o) ‘kr(“o')z(“nl) (18)

and after some simplification we obtain

da _ 2 27
ug- = (1 +0.211a) [B, kyp (1L- @) - B, k_p° o (19

where B1 and B2 designate certain constants. It is important to see that the
dissociation process is proportional to the density and the available oxygen
molecules while the recombination process is proportional to the square of the
density and the square of the oxygen atoms already dissociated,

In order to calculate flow processes we have to know the numerical values of
kd and kr' They are called rate "constants" but are dependent on temperature,.
Various theories have predicted the recombination rate constant and its dependence
on temperature, however their results vary considerably, up to a factor 1000,
After careful comparison of various theories and in particular the consideration
of the formula proposed by Vincenti, ref. 2, and Hall, ref, 3, the following equation

is used

3
m

( ) 2

- = L
K - 6.25 x 10 44 particle (OK)2 sec L
T T

(20)

The dissociation rate constant kd is presented graphically in Figuré 2 as a
function of the inverse temperature from various sources, Their spread of a
factor 1000 indicates the uncertainty of our present knowledge and the need for
either more experiments and/or analytical calculation. Generally, k., is calculated

d
from the concentration equilibrium constant Ke and kr by the relation

k
K, =
e

21)

r
The kd values which are used for this investigation are shown in the graph.

The equilibrium constants Kp and Ke are well established. The values of Ke
adapted for this study are very close to the ones published by Hansen, ref. 4,
and by Glowacki, ref, 5,

3. Flow Through a Hypersonic Nozzle

3.1 Assumptions and Equations
The flow through a hypersonic nozzle has been calculated for one-dimensional

flow with the basic assumption specified in part 2 for the real gas effects. 1In
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addition, viscosity, diffusion, and heat conductivity of the air are neglected.
Five equations have been established, The continuity equation and the momentum
equation in the x direction are of the conventional form and hence are omitted
here. In addition, there are the equation of energy, the equation of state, and
the rate equation, Those three equations have been described and are listed in
part 2. The five unknowns are velocity u, pressure p, temperature T, density p ,
and degree of dissociation a . 1In addition, the energy equation 10 contains
the enthalpy h; but this h is expressed by T and a through equation 9

From the five equations, density P and velocity u have been eliminated and three
ordinary differential equations have been derived as follows.
a2y, S (1-a)- po? !

da Nog N2 r 2C

da _ (22)

dx n . *
o ) G G0

2(n +n

02 N

AV R L (@ ydu 1dl A4 d (A,
do P 7 gy thp 9% T dx AT dx A%
dx 2

G (-K

A* d A
- P (r) ax ('A';)
A 2
RZT ¢ (55)
where K = — (23)

| oh RT n

02 . da 4 A
(1 - K) QEE-I-K( (

A*
. I hy T ax o m) 5 )
ar _ o (24)
RZ - =¥ (1 - K)

This system shows the derivatives for a« , p , and T with respect to x. It is
noted that the derivative of ¢ depends only on the state of the gas and the area
itself. The derivative of the density contains, besides the state of the gas,

the derivatives of a T, and the area change. The derivative of the temperature

?

contains also derivatives of a and the area change but, in particular, two partial

-7 -



derivatives of t_hé enthalpy with respect to gand T.

3.2 Flow Calculations

Calculations for both, equilibrium flow and non-equilibrium flow in hypersonic
nozzles have been carried out in order to compare the results of the two concepts.
Because of the low velocity in the sub-sonic portion of the nozzle, the flow is
assumed to be in equilibrium up to the throat in either case. Assuming an isen-
tropic expansion, the temperature, compressibility factor, and the enthalpy can
be determined from a Mollier chart for arbitrary values of the_preésure. The cor-
responding density and velocity can then be calculated. The throat conditions can
be found by calculating the mass flux as functions of x which must be a maximum at
the throat. For the equilibrium calculation in the supersonic portion of the
nozzle, the same procedure has been followed. The essential contribution of this
investigation is of course the calculation of the non-equilibrium flow. The throat
conditions determined by the equilibrium flow calculations represent the initial
values for the non-equilibrium flow in the supersonic portion of the nozzle. 1In
addition, in order to start the numerical integration, the derivatives at the throat
had to be specified and they were taken to be those of the equilibrium flow. This
is justified because of the small interval of integration that was chosen.

In non-equilibrium flow the solution depends on the shape and on the absolute
dimensions of the nozzle. Because many hypersonic nozzles are axisymmetric and
have an approximate conical shape, the following geometrie has been selected.

2
A X

with the parameter

=4
- 2 tany (26)

where d is the diameter of the throat and Xis the asumptotic angle of the nozzle.

The numerical calculations are done for various values of the parameter @
ranging from 0.3464 to 0.8 inches., This covers a family of nozzles with cone
angles ranging from 5° to 30°rwith throat diameters ranging from 0.06 to 0.8 inches,
with a total nozzle length between 35 and 80 inches and with a maximum area ratio
of 10,000,



As the shape of the nozzle is specified as function of x, the above system of
differential equations is simultaneously solved on a high speed Computer, the IBM
7090, using the so-called third order Runge-Kutta integration method,

3.3 Numerical Results of Hypersonic Nozzle Flow.

Degree of oxygen dissociation a along the hypersonic nozzle is shown in Figure 3
for some characteristic supply pressures and temperatures, Both equilibrium and non-
equilibrium flow calculations are shown in the same diagram. For equilibrium flow,
the degree of dissociation decreases fast due to the strongly decreasing temperature.
In contrast, non-equilibrium flow shows freezing-of the degree of dissociation «
very soon behind the throat, at an area ratio of 2 to 4, Downstream of it, the degree
of the dissociation stays constant within the accuracy of this graph, that is the .
chemical composition is frozen. At a fixed supply pressure, the frozen dissociation
is highest at the higher supply temperature, At a fixed supply temperature, the
frozen dissociation decreases with increasing supply pressure.

The freezing of the chemical composition just downstream of the throat was already
observed by Bray for Lighthill's "ideally dissociated gas". This can be explained
by the fact that dissociation and recombination processes, which are balanced in the
reservoir due to equilibrium conditions, decrease at different rates as the air
expands, In particular, the rate of dissociation tends to zero first, decreasing
strongly with temperature and thereby leaving first the recombination as the net
reaction, and ¢ decreases, Later, also the recombination rate tends to zero because
it is proportional to the square of the denmsity. Hence,—%g—
zero in the divergent portion of the nozzle, and a stays constant,

approaches rapidly

The temperature distribution along the hypersonic nozzle is shown in Figure 4
for both equilibrium and non-equilibrium flow for a supply pressure of 50 atm and
for various supply temperatures, The temperature is very much affected by non-
equilibrium flow, The ratio between equilibrium to non-equilibrium temperature
can reach a factor 4 in certain cases. The reason for it is the fact that the energy
of dissociation, which is contained in the gas near the throat, is released step
by step in equilibrium flow, while at non-equilibrium flow this energy stays frozen
in the gas and does not contribute to the temperature, Because no energy is re-
leased in the non-equilibrium flow, this corresponds very close to an adiabatic
expansion of a perfect gas, of course with a different y than for air at standard
condition. The temperature distribution for a perfect gas with y = 1.4 has been

included for comparison.
-9 .
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The Mach number distribution along the hypersonic nozzle is shown in Figure 5
both for equilibrium and non-equilibrium flow for a supply pressure of 10 atm,
Because sound velocity is closely related to temperature, the Mach number distri-
butions show similar strong discrepancies between equilibrium and non-equilibrium
flow. The ratio of the Mach numbers between the two cases can reach a factor 1.8.

It is noted that the Mach number for a perfect gas with y = 1.4 is close to the lines

of non-equilibrium Mach numbers, which is to be expected in accordance with the dis-

cussion of the last figure. It should be observed that the liberation of the dissociated

energy by the recombination process in equilibrium flow defeats markedly the purpose
of a hypersonic nozzle, namely to produce high Mach numbers by a certain expansion
ratio. TFor non-equilibrium flow fortunately, this undesired effect has been strongly
reduced or cancelled.

Pressure and density distributions have also been calculated for the same com-
binations of supply pressure and temperature. They are not presented here. Pressure
is affected similarly, but somewhat less than temperature. The ratio between equil-
ibrium and non-equilibrium flow can reach a factor 3. The density is very little
affected, only up to 157%. Investigation of the effect of the length parameter .0,
which was varied a factor 2.3, onto the flow parameters reveals practically no
influence of the nozzle shape or the absolute size of the nozzle, if the flow para-
meters are compared at a specified area ratio - A/A*., Only a very small decrease in
the degree of dissociation (of about 17%) can be observed comparing the shortest and
the longest nozzle, that is the longer nozzle assists in the recombination process.

The foregoing results show that there is considerable frozen dissociation in the
nozzle flow of most practical hypersonic facilities. This fact is of great impor-
tance if a body is placed in to the hypersonic stream, in order to study the simu-
lation of a particular free flight condition, For free flight below 90 km the free
stream dissociation in the atmosphere is negligible. Obviously the effect of the
frozen dissociation in the stream of the facility on the flow around a body will de-
pend on the fraction of the total enthalpy which is frozen in dissociation, because
it might be released behind the shock wave. Hence, the ratio of the frozen enthalpy,
hf to the total enthalpy, ht’ is ghown in figure 6 as function of the supply pressure
for various temperatures. At supply pressure of 5 or 10 atm about 27% of the total

enthalpy is frozen while at 100 atm this fraction drops to 10 or 15%.
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4., Non-equilibrium Hypersonic Flow Around Blunt Body

4.1 Inverse and Direct Methods

There are many recent investigations of hypersonic flow with detached shock waves,
using both inverse and direct methods, In the inverse method the flow field around
the body is determined by specifying a certain shock shape. The associated body
shape follows then from the calculation., The problems associated with the specifi-
cation of boundary conditions along an unknown shock are thus avoided and this method

has been successfully applied by Hall, ref, 6, even for real gas flows, The diffit
culty of the method is that the shock shape must be iterated until a body of the
desired shape is produced, Because this goal can be reached only approximately,
there is always the open question: how much does the flow around the produced body
differ from the flow around the given body.

Recently, Dorodnitsyn, ref. 7, has described an iteration procedure for the
solution of two-dimensional boundary value problems, This method is also appli-
cable to problems with free boundaries and has been applied by Belotserkovskii,
ref, 8, to the supersonic flow of an ideal gas past a circular cylinder, This basic
- work has been reviewed by Holt, ref, 9, and expended by various authors, Traugott,

j ref, 10, for example, but it has not yet been applied to blunt body flows in a real
| gas,
In this investigation it is attempted to calculate the flow field around blunt

| bodies in dissociated air by this integral method. The equations are given in the

| proper form both for the sphere and the circular cylinder, Numerical calculations
' however are done only for the two-dimensional case of the circular cylinder. They
| were carried out on the GE-225 computer of the Marshall Space Flight Center at
Huntsville, Alabama,

4.2 Basic Assumptions and Equations,

The calculation of the blunt body flow is based on the same assumptions that
were given for the nozzle flow (Section 2,1). However, instead of having one inde-
pendent variable, the flow direction x along the nozzle axis, we have now two inde-

pendent variables, namely the radial coordinate r and the angular coordinate 8.

The polar coordinate system is of course referred to the center of the cylinder,
As a consequence, we now have two momentum equations instead of one, namely in the
r and 9 directions, We have now five equations, namely for continuity, radial and angular

momentum, energy, and rate of dissociation., They all can be written as partial

- 11 -



differential equations in r and @ in the following form:

oF 3G
3 t3g TH=O 27)

where F, G, and H are functions of all the flow variables.

Before equation (27) can be integrated between the shock and the body surface,
the conditions for the flow variables across the shock have to be determined. After-
wards we have to find expressions for the derivatives of all flow variables immediately
behind the shock with respect to 6. These derivatives are calculated under the follow-
ing assumptions:

a) the shock is assumed to be locally an oblique shock.

b) the chemical composition of the gas does not change across the shock,
that is we assume frozen dissociation

) , 2
c) for hypersonic flow there is Poo < &x>Unoo ;
d) the coantribution of the free stream temperature to the enthalpy can
be neglected, not, however, the energy bound in the free stream dissociation.

4.3 Application of Belotserkovskii's Method for the Flow Past a Circular Cylinder.

Having reduced the equations of motion to the form of eq. 27, Belotserkovskii's
method consists essentially of transforming the partial differential equations with
two independent variables into ordirary differential equations with one variable.
Integrating equation 27 with respect to r between the body surface (rb) and the

shock surface (rs) we get

(F), - (), + j;’s =-=-d+j!jl’:Hdr=o (28)

Tging Leibniz's formula for differentiating integrals, the second term on the left

hand side can be rewritten and this equation becomes

®), - () + jr"s G dr - (G), :—'ei + fr;s Hdr =0 29)

In order to integrate the equations of this form all integrands are now approximated
by meanrs of an interpoclation polyromial in r. In our case, only a first order poly-
nomial is used and therefore the procedure is called the first approximation. Sub-
stituting the polynomial, introducing a dimensionless shock detachment distances €

and performing the integration, all equations assume the form of
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We are using now the previously established shock transition conditions and their
derivatives behind the shock with respect to 8., We apply these relations to the
previously mentioned five equations of motion, in addition to the equation of

state and add a simple geometric relation between the shock detachment distance ¢
and the shock angle o .. Those seven equations are now brought into the final form

of the following equation which is given as a sample.

dueb an dpb dTb do dn,

V38 T2  “attiam bt T97-0 @

The ¢'s are functions of all the thermodynamic and gas dynamic variables. In total,
we have seven ordinary differential equations for the seven unknowns Ugps P s Ppys Tb’ o,

a b? and ¢ which are simultaneously solved by the computer.

4,4 Numerical Calculation Procedure

For the actual calculation procedure all our differential equations are made
dimensionless by relating the variables to their corresponding free stream values,
The conditions behind the shock at each value of @ are calculated from the oblique
shock relations. It is also assumed that the flow is in equilibrium at the stag-
nation point, This assumption seems to be justified due to the fact that the
particles which are flowing exactly on the stagnation stream line, move very slowly
when approaching the stagnation point, Hence, there should be sufficient time to
reach equilibrium. However, after obtaining the numerical results of the calculation,
it seems that this assumption is somewhat artificial, and it would be better to use
the frozen flow as initial condition.

The numerical procedure consists of two parts. First, for every value of 9,
. the derivatives of all the variables are calculated from the set of simultaneous
differential equations by using determinants, Then the derivatives are integrated
simultaneously by the Runge-Kutta integration method. It should be noted that the

equations do not readily yield the shock detachment distance on the stagnation
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stream line, In order to find €, @ very tedious iteration procedure has to be used,
A tentative value for €, is selected, then the integration must be carried out over
the whole range of g towards the sonic point, If the selected €, is either too
large or too small compared to the '"correct" value, the velocity, when plotted versus
6 will have either a horizontal or a vertical tangent. Theoretically, this iteration
has to be continued until an €, is found such that the velocity reached local Mach
number one, and that the derivatives of all the variables: are continuous across the
sonic line, In practice one finds that, approaching the sonic point, the equations
become so sensitive that the velocity as well as the other flow parameters (p, p,
T, o ) may start to oscillate, The €, must be varied to the third or fourth
significant figure (better than 0,1%), to come close to the sonic point, In order to
keep the computation time to a reasonable value, we had to stop the calculation
when reaching about 098 of the sonic velocity., The variables then were extrapolated
to the sonic point with their respective tangents.

The difficulties encountered are typical for trying to apply a numerical
solution near a saddle point. Authors who héve applied the Belotserkovskii method
even to the flow of a perfect gas with much simplified conditions with respect to

enthalpy and rate equation have found the same difficulties,

4,5 Discussion of the Numerical Results of the Non-equilibrium Flow Past a
Circular Cylinder,

Numerical results have been obtained so far only for one set of free stream con-
ditions because of the limited time during which the computer is available and the
length of time needed to produce the solutioh. The wind tunnel reservoir conditions
are p_ = 10 atm, Tt = 5000°K, at a nozzle cross section, where the frozen Mach
number is Mf = 14.91. This corresponds to a free stream velocity Ua)= 3, 665 m/sec
and a frozen free stream degree of oxygen dissociation Iy = 0.70., These con-
ditions were chosen in order to show a distinct effect on non-equilibrium flow in
a wind tunnel nozzle compared to the flow field around a blunt body,

The calculated shock pattern around the cylinder is shown in Figure 7, The
dimensionless shock detachment distance is €, = 0.655, which is considerably
larger than that of perfect gas flow. The shock is much blunter than the con-
centric circle through the shock detachment point, The sonic point has been deter-
mined to be at about 30°, The last reliable point in the velocity calculation was

at 0 = 28,6°, From here, all the curves were extropolated to the sonic velocity.
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The oxygen dissociation on the non-reacting surface of the cylinder is shown in
Figure §. The equilibrium dissociation at the stagnation point is practically 1.00,
Calculations show that the dissociation drops immediately, i.,e. within about one
degree, to a value which is very close to the free stream frozen value. Then the
dissociation stays nearly constant. The sharp drop from the assumed equilibrium
value to the free stream frozen value indicates that the assumption of equilibrium
condition at the stagnation point is artificial and that the dissociation occuring
at the body, only slightly away from the stagnation point, is determined by the frozen
dissociation behind the shock. The frozen dissociation is carried through the thin
shock layer to the body. A recombination of oxygen along the body does not occur.
Equilibrium flow calculations, by the same method as used by us in ref, 11, show
the same behavior, that is, nearly no change in dissociation. Pressure, temperature,
and density distribution have been calculated but are not shown here. The pressure
distribution lies somewhat below the modified Newtonian theory as previously shown
by other authors using the inverse method, for instance Hall (ref. 3, 6). The
velocity distribution along the cylinder surface, as evident in Figure 9, shows
first an approximately linear behavior and then an increasing slope. The velocity
distribution calculated for equilibrium condition and potential flow, ref, 1, is

rather close.

5. - Conclusions

We have investigated high enthalpy, non-equilibrium nozzle flow of air. Results
are given for supply temperatures of 4000 to 6000°K and for supply pressures of 10
to 100 atmospheres., It is concluded thaé high temperature air flow in hypersonic
wind tunnels is frozen beyond a cross section where Mach number 2 or 3 is reached,
because of the rapid expansion of the gas downstream of the nozzle throat. This
means that the chemical composition of the gas remains constant in the hypersonic
portion of the nozzle, This freezing has a strong effect on the temperature, the
Mach number, and on the pressure, but vanishing effect on the density distribution
along the nozzle,

The flow field around a circular cylinder up to the sonic point, the shock
shape and the shock detachment distance have been determined by the direct method.
Shock shape and detachment distance are very much affected by the frozen free stream
dissociation, i. e,, the shock moves further upstream and the shape deviates con-

siderably from a concentric circle. The degree of dissociation is
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markedly different from that for equilibrium flow.

The flow in the hypersonic nozzle and around the cylinder have been treated
considering only the oxygen dissociation of the air, The equations, however, can
easily be modified to calculate non-equilibrium flow at such elevated temperatures
where nitrogen dissociation is encountered, Because the oxygen is completely dissocia-
ted before the nitrogen dissociation starts, we have a similar separation of the
dissociation of the two species as treated in this paper. Some complexity will be
added due to the fact that both types of dissociation may occur at the same time in
one flow field, but of course in two different areas,

The results of this investigation shed light on the problems that are connected
with the simulation of free flight conditions in a hypersonic wind tunnel, Below a
certain altitude (about 90 km) a re-entering body does not encounter appreciable
free stream dissociation in the Earth's atmosphere. Hence, if such altitudes shall
be simulated in the wind tunnel under supply conditions that very probably will cause
dissociation, extreme care has to be used in interpreting the observed flow parameters.
We are aware that this investigation is only a first step and many similar investi-
gations have to follow. In particular this method should also be applied to flow
fields around blunt bodies of various shapes, in particular to axi-symmetric bodies

such as spheres, ellipsoids, or nose cones.
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